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MOTOR CONTROL DEVICE, ROBOT HAND,
ROBOT, AND MOTOR CONTROL METHOD

BACKGROUND

1. Technical Field

The present invention relates to a motor control device, a
robot hand, a robot, and a motor control method.

2. Related Art

A method of controlling a stop position of a movable part
using a servomotor 1 a robot or a machine tool has been
widely used. When a robot hand grasps a grasped object or
iserts a member 1nto a hole, the movable part may not move
before the movable part reaches a prearranged position. At
this time, a system for setting a torque limit in a motor and
controlling a movable part 1s disclosed 1 JP-A-5-6210.
According to this technique, the control system includes a
storage unit storing plural torque limit values and switches
the torque limit values for every work detail carried out by
a motor or a movable part to be drniven.

A method of improving the controllability of a rotational
speed without rapidly changing a torque during the rota-
tional driving of a motor 1s disclosed 1n JP-A-2011-147268.
According to this technique, 1n a speed control of the motor,
a deviation between an mstructed speed value and a detected
speed value 1s amplified by the use of a speed regulator
including a proportion-integration adjuster to calculate an
instructed torque value. A method of controlling the current
of the motor so as to match the actual torque with the
instructed torque value 1s employed. Here, the optimal
adjustment of the speed regulator 1s performed on the basis
of the value of the moment of inertia. A torque feed-forward
compensator calculates a torque feed-forward compensator
using the value of the moment of 1nertia and the instructed
speed value. An adder adds the output of the speed regulator
and the torque feed-forward compensation value to calculate
the instructed torque value. When a robot hand grasps a
grasped object, first, a control device causes a movable part
of a robot hand to approach and then contact the grasped
object. Subsequently, a state where the movable part presses
the grasped object 1s maintained. When causing the movable
part to approach the grasped object, the control device
controls the speed of the motor. After the movable part
contacts the grasped object, the control device switches the
control of the motor to a torque control. The torque of the
motor 1s controlled so that the movable part can press the
grasped object with a force with which the grasped object
can be grasped. At this time, the control device can cause the
movable part to grasp the grasped object by freely control-
ling the torque of the motor depending on the situation while
controlling the motor.

When the control of the motor 1s switched from the speed
control to the torque control, a method of switching a control
circuit performing the speed control to a control circuit
performing the torque control has been used up to now.
Here, 1n order to switch the control system, 1t 1s necessary to
temporarily stop the movement of the movable part. Accord-
ingly, there 1s a need for a method of causing the robot hand
to grasp a grasped object without temporarily stopping. That
15, there 1s a need for a control device of a motor of which

the rotating shait rotates with a torque not greater than a set
torque limit value while controlling the speed even when the
rotating shaft 1s rotating and when the rotating shaft 1s
stopped.
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2
SUMMARY

An advantage of some aspects of the invention 1s to solve
at least a part of the problems described above, and the
invention can be implemented as the following forms or
application examples.

An application example of the invention 1s directed to a
motor control device that controls a motor using a rotation
detection signal of a rotating shait of the motor output from
a rotation detector detecting a rotation state of the rotating
shaft of the motor, including: a speed controller that outputs
a torque 1nstruction signal corresponding to a difference
between a rotational speed of the rotating shaft and a target
rotational speed of the rotating shait using the target rota-
tional speed of the rotating shaft and the rotation detection
signal; a limit value setting unit that sets a torque limit value
indicating the maximum value of a torque to be applied to
the rotating shaft; and a torque limit control unit that limaits
the torque of the rotating shait driven by the torque nstruc-
tion signal to the torque limit value or less.

According to this application example of the invention,
the motor includes the rotation detector. The rotation detec-
tor detects the rotation state of the rotating shait of the motor
and outputs the rotation detection signal. The speed control
unit receives the rotation detection signal and compares the
rotational speed indicated by the rotation detection signal
with the target rotational speed of the rotating shaft. The
speed control unit performs a speed control of comparing the
rotational speed indicated by the rotation detection signal
with the target rotational speed and outputting the torque
instruction signal. The speed control unit outputs the torque
istruction signal so as to apply a larger torque to the
rotating shait the larger the difference between the target
rotational speed and the rotational speed indicated by the
rotation detection signal becomes.

The limit value setting unit sets the torque limit value
which 1s the maximum value of the torque to be applied to
the rotating shaft and outputs the set torque limit value to the
torque limit control unit. The torque limit control umit
compares the torque of the rotating shait driven by the
torque 1nstruction signal with the torque limit value. When
the torque of the rotating shait driven by the torque 1nstruc-
tion signal 1s greater than the torque limit value, the torque
limit control unit changes the torque instruction signal so
that the torque of the rotating shaft driven by the torque
instruction signal 1s not larger than the torque limit value.

Therefore, even when the rotating shaft 1s rotating and
when the rotating shait 1s stopped, the rotating shaift rotates
with a torque not larger than the torque limit value set by the
limit value setting unit while performing the speed control.
As a result, 1t 1s possible to control the speed of the rotating
shaft with a torque corresponding to the torque required for
the motor.

In the motor control device according to the above-
mentioned application example, the torque limit control unit
may subtract an excess torque signal, which 1s a signal
indicating a magnitude by which the torque applied to the
rotating shaft by the torque instruction signal 1s larger than
the torque limit value, from the torque instruction signal.

According to this application example, when the torque
applied to the rotating shaft by the torque instruction signal
1s larger than the torque limit value, the torque limit control
unmit subtracts the excess torque signal from the torque
instruction signal to change the torque instruction signal.
The excess torque signal 1s a signal indicating that the torque
applied to the rotating shaft by the torque nstruction signal
1s larger than the torque limit value. Accordingly, 1t 1s
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possible to control the rotating shatt so that the torque of the
rotating shaft driven by the subtracted torque instruction
signal 1s not larger than the torque limit value.

In the motor control device according to the above-
mentioned application example, the limit value setting unit
may set a speed determination value used to determine
whether to change the torque limit value, the limit value
setting unit may detect the rotational speed of the rotating
shaft using the rotation detection signal, and the limit value
setting unit may change the torque limit value when the
rotational speed of the rotating speed 1s lower than the speed
determination value.

According to this application example, the limit value
setting unit receives the rotation detection signal. When the
rotational speed of the rotating shait 1s lower than the speed
determination value, the limit value setting unit changes the
torque limit value. Accordingly, the motor control device
can drive the rotating shaft with a torque corresponding to
the torque limit value 1n a state where the rotating shaft
rotates at a low speed or 1s stopped.

In the motor control device according to the above-
mentioned application example, the limit value setting unit
may set a speed determination value used to determine
whether to change the torque limit value, the limit value
setting unit may receive the torque instruction signal, and the
limit value setting unit may change the torque limit value
when the target rotational speed 1s smaller than the speed
determination value and the torque instruction signal 1is
larger than a torque determination value.

According to this application example, the limit value
setting unit receives the torque instruction signal. As the
rotational speed of the rotating shaft becomes lower than the
target rotational speed and the difference therebetween
becomes larger, the torque instruction signal i1s output as a
signal for increasing the torque of the rotating shaft. That 1s,
the limit value setting unit can detect that the rotating shaft
rotates at a low speed or 1s stopped using the torque
instruction signal. Then, the limit value setting unit changes
the torque limit value when the rotational speed 1s lower than
the speed determination value. Therelfore, the motor control
device can drive the rotating shait with a torque correspond-
ing to the torque limit value 1n a state where the rotating
shaft rotates at a low speed or 1s stopped.

In the motor control device according to the above-
mentioned application example, the limit value setting unit
may lower the torque limit value after the rotational speed of
the rotating shaft reaches the target rotational speed.

According to this application example, the rotating shaift
1s accelerated and the rotational speed is raised. After the
rotational speed of the rotating shaft reaches the target
rotational speed, the limit value setting unit lowers the
torque limit value. Since a torque necessary for maintaining,
the rotational speed 1s applied after the rotational speed
reaches the target rotational speed, this torque 1s lower than
that 1n the case where the rotating shaft 1s accelerated.

Therelore, 1t 1s possible to maintain the rotational speed
even when the torque limit value 1s lowered. As a result, the
motor control device can perform an operation correspond-
ing to an external force without driving the rotating shaft
against the external force when the external force for stop-
ping the rotating shait 1s applied thereto.

In the motor control device according to the above-
mentioned application example, the speed control unit may
include: a speed-proportional control unit that outputs a first
torque 1nstruction signal proportional to the rotational speed;
a speed-integral control unit that outputs a second torque
instruction signal proportional to an integrated value of the
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rotational speed; and an adder that adds the value of the first
torque 1nstruction signal and the value of the second torque
instruction signal to output the torque mstruction signal, and
the torque limit control unit may cause the speed-integral
control unit to stop an 1ntegrating operation and to maintain
the value of the second torque instruction signal after the
value of the torque instruction signal reaches the torque limit
value.

According to this application example, the speed control
unit includes the speed-proportional control unit, the speed-
integral control unit, and the adder. The speed-proportional
control unit outputs the first torque instruction signal pro-
portional to the rotational speed and the speed-integral
control unit outputs the second torque instruction signal
proportional to the integrated value of the rotational speed.
The adder adds the first torque instruction signal and the
second torque instruction signal and outputs the torque
istruction signal. That 1s, since the speed control unit
performs a PI (Proportional-Integral) control, it 1s possible
to control the motor with high precision. When the torque
instruction signal becomes the torque limit value, the torque
limit control unit causes the speed-integral control unit to
stop the integrating operation. Accordingly, 1t 1s possible to
prevent the second torque instruction signal from increasing.
As aresult, when the torque instruction signal 1s smaller than
the torque limit value, 1t 1s possible to perform a control so
as to follow the rotational speed.

In the motor control device according to the above-
mentioned application example, the rotation state of the
rotating shaft detected by the rotation detector may be a
rotational speed. According to this application example, the
rotational detector detects the rotational speed. Accordingly,
it 1s possible to easily perform a torque control correspond-
ing to the rotational speed of the rotating shatt.

Another application example of the imnvention 1s directed
to a robot hand including: a movable part; a motor that
drives the movable part; and a control unit that controls the
motor, wherein the control unit includes the above-men-
tioned motor control device that controls the motor.

According to this application example, the robot hand
includes the movable part and the motor. The movable part
moves by rotating the rotating shait of the motor. The robot
hand includes the control unit. The control unit includes the
motor control unit and the motor control unit controls the
rotational angle or the rotating speed of the motor. The
control unit controls the action of the movable part by
controlling a driving unat.

The motor control unit includes the above-mentioned
motor control device. Therelfore, it 1s possible to drive the
rotating shait with a torque corresponding to the torque
required for the motor even when the rotating shait rotates
and when the rotating shaft 1s stopped. As a result, 1t 1s
possible to maintain a predetermined force and to drive the
movable part even when the movable part moves and then
Stops.

In the robot hand according to the above-mentioned
application example, the movable part may include a first
movable part and a second movable part between which a
grasped object 1s pinched, and the control unit may perform
a control operation of moving the first movable part and the
second movable part so that the gap between the first
movable part and the second movable part 1s smaller than the
width of the grasped object.

According to this application example, the robot hand
includes the first movable part and the second movable part.
These movable parts can pinch a grasped object therebe-
tween. The control unit controls the movable parts so that the
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gap between the first movable part and the second movable
part 1s smaller than the width of the grasped object. Accord-
ingly, when a grasped object 1s present between the {first
movable part and the second movable part, the first movable
part and the second movable part pinch the grasped object
therebetween. After the movable parts pinch the grasped
object, the torque of the rotating shait can be raised without
being lowered. Therefore, the action of pinching the grasped
object can be performed subsequently to the action of
moving the movable parts. In order to cause the movable
parts to approach a grasped object, the motor control unit
raises the torque of the rotating shaft to the torque limit
value. At this time, since the torque of the rotating shait can
be slowly raised, it 1s possible to prevent a force from being,
rapidly applied to the grasped object to damage the grasped
object. When the grasped object departs from the space
between the first movable part and the second movable part,
the first movable part and the second movable part are
stopped at positions at which the gap between the first
movable part and the second movable part 1s smaller than the
width of the grasped object. Therefore, 1t 1s possible to
prevent the first movable part and the second movable part
from colliding with each other.

Still another application example of the invention 1is
directed to a robot employing the above-mentioned robot
hand.

According to this application example, the robot includes
the above-mentioned robot hand. Therefore, the robot hand
of the robot can maintain a predetermined force and drive
the movable part even when the movable part moves and
then stops.

Yet another application example of the invention 1s
directed to a motor control method of controlling the rota-
tion of a rotating shait of a motor, including: setting a target
rotational speed which 1s a target value of a rotational speed
at which the rotating shaft rotates and a torque limit value
which indicates the maximum value of a torque to be applied
to the rotating shatt; detecting the rotational speed to output
a torque 1instruction signal corresponding to a diflerence
between the rotational speed and the target rotational speed;
and subtracting an excess torque signal, which 1s a signal
indicating a magnitude by which the torque applied to the
rotating shait by the torque instruction signal 1s larger than
the torque limit value, from the torque 1nstruction signal and
driving the motor with a torque of the subtracted torque
instruction signal.

According to this application example of the invention,
the target rotational speed and the torque limit value are set.
The rotational speed 1s detected and the torque 1nstruction
signal corresponding to the diflerence between the rotational
speed and the target rotational speed 1s output. That 1s, the
larger the difference between the rotational speed and the
target rotational speed becomes, a torque mnstruction signal
for outputting the larger torque 1s output. Accordingly, the
rotational speed 1s controlled to reach the target rotational
speed.

The excess torque signal 1s subtracted from the torque
instruction signal. Accordingly, the torque instruction signal
1s changed so that the torque of the rotating shait driven by
the torque instruction signal 1s not larger than the torque

limit value. Therefore, the rotating shait 1s controlled to
move with a torque not larger than the torque limit value
while performing the speed control even when the rotating,
shaft rotates and when the rotating shaft stops. As a result,
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6

it 1s possible to control the speed of the rotating shaft with
a torque not larger than the torque limit value.

BRIEF DESCRIPTION OF THE DRAWINGS

The mvention will be described with reference to the
accompanying drawings, wherein like numbers reference
like elements.

FIG. 1A 1s a plan view schematically illustrating the
configuration of a robot hand according to a first embodi-
ment of the invention, FIG. 1B 1s a side view schematically
illustrating the configuration of the robot hand, and FIG. 1C
1s a partially-enlarged view schematically illustrating fingers
of the robot hand.

FIG. 2 1s a block diagram 1illustrating the configuration of
a control device.

FIG. 3 1s a flowchart 1llustrating a grasping operation of
the robot hand.

FIGS. 4A to 4E are timing diagrams 1llustrating a grasping,
method 1n the grasping operation.

FIG. § 1s a timing diagram illustrating an output of an
integration control unit.

FIGS. 6A and 6B are timing diagrams illustrating a
grasping method 1n the grasping operation.

FIG. 7 1s a block diagram 1illustrating the configuration of
a control device according to a second embodiment of the
invention.

FIG. 8A 1s a plan view schematically illustrating the
configuration of a robot hand according to a third embodi-
ment of the invention and FIG. 8B 1s a partially-enlarged
view schematically illustrating fingers of the robot hand.

FIG. 9 1s a plan view schematically illustrating the con-
figuration of a robot having a robot hand.

DESCRIPTION OF EXEMPLARY
EMBODIMENTS

Hereinafter, embodiments of the i1nvention will be
described with reference to the accompanying drawings.
Here, constituents in the drawings are drawn with difierent
scales so as to be recognizable in the drawings.

First Embodiment
In this embodiment, features of a motor control device

and a robot hand using the motor control device will be
described with reference to FIGS. 1A to 6.

Robot Hand

FIG. 1A 1s a plan view schematically illustrating the
configuration of a robot hand and FIG. 1B is a side view
schematically illustrating the configuration of a robot hand.

FIG. 1C 1s a partially-enlarged view schematically 1llus-
trating fingers of the robot hand. As shown in FIGS. 1A and
1B, the robot hand 1 includes a hand body 2 of a rectangular
parallelepiped shape. The longitudinal direction of the hand
body 2 1s defined as a Y direction and a direction perpen-
dicular to the Y direction 1s defined as an X direction. The
thickness direction of the hand body 2 perpendicular to the
X direction and the Y direction 1s defined as a Z direction.

On the -X side of the hand body 2, the hand body 2 1s
connected to an arm 3 and the arm 3 1s connected to a robot
body not shown 1n the drawing. A fixed finger 4 extending
in the X direction 1s disposed at the corner 1n the X direction
and the Y direction of the hand body 2. The fixed finger 4 has
a prism shape which 1s bent at the center thereot. The tip 4a
of the fixed finger 4 has an arch shape 1n an XY plane.

A motor 5 1s disposed at the corner 1n the X direction and
the Y direction of the hand body 2. The rotating shaft Sa of
the motor 5 protrudes 1n the Z direction and the -Z direction
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of the motor 5. An encoder 6 1s disposed 1n the -Z direction
of the motor 5 and the encoder 6 outputs a signal corre-
sponding to the rotation angle of the rotating shaft 3a.

A reduction gear 7 1s disposed in the Z direction of the
motor 5. An end of the rotating shaft 5a 1s mserted into the
reduction gear 7. An output shait 7a 1s disposed 1n the Z
direction of the reduction gear 7 and the reduction gear 7
rotates the output shait 7a at a rotational speed lower than
the rotational speed of the rotating shatt Sa. The output shaft
7a 1s connected to a movable finger 8 as the movable part
and the first movable part.

The movable finger 8 includes a concave portion 8a, and
the motor 3, the encoder 6, and the reduction gear 7 are
located 1n the concave portion 8a. A rotating shaft 85
rotating about the same axis as the central axis of the output
shaft 7a 1s disposed 1n the concave portion 8a. A bearing 9
receiving the rotating shaft 85 1s disposed 1n the -Z direction
of the encoder 6. Accordingly, the movable finger 8 1is
disposed to be rotatable relative to the hand body 2. The
movable finger 8 rotates about the output shaft 7a and the
rotating shait 85 when the motor 5 rotates.

The movable finger 8 has a prism shape which 1s bent at
the center thereof, similarly to the fixed finger 4. The tip 8c
of the movable finger 8 has an arc shape in the XY plane,
similarly to the tip 4a. When the motor 3 rotates the movable
finger 8, the tip 8¢ comes 1n contact with the tip 4a. The
rotating shaft Sa 1s rotated so that the tip 8¢ comes in contact
with the tip 4a with a grasped object 10 interposed between
the tip 4a and the tip 8c. At this time, the robot hand 1 can
grasp the grasped object 10 by pressing the tip 4a and the tip
8c on the grasped object 10.

The robot hand 1 1ncludes a control device 11. A motor
control device 12 controlling the rotation and stop of the
motor 3 1s connected to the control device 11 via a wire 13.
The control device 11 causes the motor control device 12 to
drive the motor 5 so as to open and close the movable finger
8.

As shown 1n FIG. 1C, the robot hand 1 grasps the grasped
object 10 by pinching the grasped object between the fixed
finger 4 and the movable finger 8. The width of the grasped
object 10 1n the direction passing through the positions at
which the fixed finger 4 and the movable finger 8 come 1n
contact with the grasped object 10 1s defined as a grasped
object width 10a.

A movement destination 14 of the movable finger 8 1s
indicated by a two-dot chained line in the drawing. The
control device 11 causes the motor control device 12 to drive
the motor 5 so that the movable finger 8 moves to the
movement destination 14.

The gap between the fixed finger 4 and the movement
destination 14 1s defined as a target gap 15. Here, the target
gap 15 1s smaller than the grasped object width 10a. Accord-
ingly, the movable finger 8 comes in contact with the
grasped object 10 before 1t reaches the movement destina-
tion 14. Accordingly, the grasped object 10 can be pressed
and grasped with the fixed finger 4 and the movable finger
8 until the control device 11 changes the instruction of the
motor control device 12 to drive the motor 5.

Motor Control Device

FI1G. 2 1s a block diagram illustrating the configuration of
the control device. As shown 1n FIG. 2, the control device 11
includes a unified control unit 16, a speed detecting unit 17,
and an angle detecting unit 18 in addition to the motor
control device 12. The general control unit 16 has a function
of controlling other motors 1n addition to the motor 5 of the
robot hand 1. The umfied control unit 16 unifies and
manages movable parts driven by the motors. The speed
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detecting unit 17 has a function of receiving a signal output
from the encoder 6 and detecting the rotational speed of the
rotating shaft 3a.

A pulse signal corresponding to the rotation angle of the
rotating shaft 5a 1s output from the encoder 6. The resolution
of the encoder 6 1s not particularly limited, and a pulse signal
1s output whenever the rotating shait 5a rotates by 0.1
degrees 1n this embodiment. The speed detecting unit 17
detects the rotational speed of the rotating shaft 5a by
measuring the time interval of the pulse signals.

The angle detecting unit 18 has a function of receiving the
signal output from the encoder 6 and detecting the rotation
angle of the rotating shaft 5a. The angle detecting unit 18
detects the rotation angle of the rotating shatt 5a by mea-
suring the number of 1nput pulse signals. The encoder 6, the
speed detecting unit 17, and the angle detecting unit 18
constitute a rotation detector 19.

The motor control device 12 includes a first adder 22. The
unified control umt 16 outputs an angle instruction 23
indicating a target rotation angle of the motor 5 to the {first
adder 22. The angle imstruction 23 indicates the rotation
angle of the rotating shaft 5a when the movable finger 8
reaches the movement destination 14. The angle detecting
unmit 18 outputs an angle data signal 24 indicating the angle
of the rotating shaft 3a to the first adder 22. The first adder
22 calculates an operation angle signal 25 obtained by
subtracting the angle data signal 24 from the angle nstruc-
tion 23. Then, the first adder outputs the operation angle
signal 25 which 1s an angle for rotating the rotating shaft 5a
until the movable finger 8 reaches the movement destination
14.

A position control unit 26 1s connected to the first adder
22 and the operation angle signal 25 1s input to the position
control unit 26. The position control unit 26 calculates and
outputs a speed instruction 27 using the operation angle
signal 25. The position control unit 26 compares the rotation
angle of the rotating shait 5a¢ indicated by the operation
angle signal 25 with a determination angle. When the
rotation angle 1s greater than the determination angle, the
position control unit 26 sets the speed instruction 27 to the
maximum speed and outputs the set speed instruction 27.
When the rotation angle 1s smaller than the determination
angle, the position control unit 26 sets the speed nstruction
277 to a speed corresponding to the rotation angle and outputs
the set speed 1instruction 27. That 1s, the position control unit
26 outputs the speed mnstruction 27 for rotating the rotating
shaft at a high speed when the rotation angle 1s large, and
outputs the speed instruction 27 for rotating the rotating
shaft at a low speed when the rotation angle 1s small. The
speed 1nstruction 27 indicates the target rotational speed of
the rotating shaft 5a.

A second adder 28 1s connected to the position control unit
26. The speed mstruction 27 1s mput to the second adder 28.

The speed detecting unit 17 1s connected to the second
adder 28 and a rotational speed signal 29 as the rotation
detection signal output from the speed detecting unit 17 1s
input to the second adder 28. The rotational speed signal 29
1s data of the rotational speed of the rotating shaft 5a
detected by the encoder 6 and the speed detecting unit 17.

The second adder 28 subtracts the rotational speed 1ndi-
cated by the rotational speed signal 29 from the speed
istruction 27 and outputs a speed diflerence signal 30. The
speed difference signal 30 1s a diflerence 1n rotational speed
between the speed instruction 27 and the rotational speed of
the rotating shaft Sa. When the rotating shaft 5a rotates in
the rotation direction indicated by the speed instruction 27
and the speed instruction 27 1s larger than the rotational
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speed of the rotating shaft 5a, the speed difference signal 30
has a positive value. When the rotational speed of the
rotating shait Sa 1s smaller than the speed instruction 27, the
speed diflerence signal 30 has a negative value.

A speed control unit 31 1s connected to the second adder
28. The speed control unit 31 includes a proportional control
unit 32, an itegral control unit 33, and a thurd adder 34. The
proportional control unit 32 and the integral control unit 33
are connected to the second adder 28 and 1s also connected
to the third adder 34. The speed difference signal 30 1s input
to the proportional control unit 32 from the second adder 28.

The proportional control unit 32 calculates a first torque
signal 35 by multiplying the speed difference signal 30 by a
predetermined constant and outputs the first torque signal to
the third adder 34. The speed diflerence signal 30 1s input to
the 1ntegral control unit 33 from the second adder 28. The
integral control umt 33 calculates a second torque signal 36
as the second torque instruction signal by multiplying a
value, which 1s obtained by integrating the speed difference
signal 30 with respect to the time axis, by a predetermined

constant and outputs the second torque signal to the third
adder 34.

The third adder 34 adds the first torque signal 35 and the
second torque signal 36 and outputs a torque instruction
signal 37. The second adder 28 and the speed control unit 31
perform a PI (Proportional Integral) control so that the
rotational speed signal 29 gets close to the speed instruction
27. That 1s, the proportional control unit 32 brings the
rotational speed signal 29 close to the speed instruction 27
by outputting the first torque signal 35 proportional to the
speed difference signal 30. The integral control unit 33
controls the motor 5 so as to cancel the oflset generated
when the rotating shait 5a 1s driven by the first torque signal
35.

A torque limit control unit 38 1s connected to the third
adder 34. The torque instruction signal 37 1s mput to the
torque limit control unit 38. The torque limit control unit 38
stores a torque limit value. The torque limit control unit 38
compares the torque limit value with the torque 1nstruction
signal 37.

When the torque instruction signal 37 i1s greater than the
torque limit value, the torque limit control unit 38 outputs a
teedback torque signal 39 as the excess torque signal cor-
responding to the amount obtained by subtracting the torque
limit value from the torque nstruction signal 37 to the third
adder 34. The third adder 34 adds the first torque signal 335
and the second torque signal 36 and subtracts the feedback
torque signal 39 from the added value to generate the torque
instruction signal 37. Therefore, the torque 1nstruction signal
377 1s not greater than the torque limit value.

The torque limit control unit 38 outputs an integration
stop signal 43 to the integral control unit 33. The integral
control unit 33 stops the operation of integrating the speed
difference signal 30 when the integration stop signal 43 is
input. The integral control unit 33 does not increase but
maintains the second torques signal 36. When the speed
difference signal 30 1s output but the rotating shaft 5a cannot
rotate, the integral control unit 33 maintains the second
torque signal 36. Accordingly, when the rotating shait 3a
rotates again, the unified control unit 16 can cause the motor
control device 12 to normally perform the PI control.

A motor driving unit 44 1s connected to the torque limit
control unit 38. The motor driving unit 44 receives the
torque 1instruction signal 37 from the torque limit control
unit 38 and outputs a drive signal 45 to the motor 5. The
motor driving unit 44 includes a power transistor or the like
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and thus the dnive signal 45 output from the motor driving
umt 44 has power enough to drive the motor 5.

A limit value setting unit 46 1s connected to the unified
control unit 16, the speed detecting unit 17, and the torque
limit control umt 38. The unified control unit 16 outputs a
torque limit signal 47 including the torque limit value
corresponding to the state of the rotating shatit 5a to the limat
value setting unit 46. The limit value setting unit 46 includes
a storage unit such as a memory and stores data of the torque
limit value corresponding to the state of the rotating shait 5a.
Examples of the state of the rotating shait Sa include states
ol accelerated rotation, constant-speed rotation at a high
speed, decelerated rotation, and stop.

The limit value setting unmit 46 receirves the rotational
speed signal 29 from the speed detecting unit 17. The limat
value setting unit 46 determines the rotation state of the
rotating shatt 5a and outputs a limit torque setting signal 48
corresponding to the rotation state of the rotating shaft 5a to
the torque limit control unit 38. The torque limit control unit
38 receives the limit torque setting signal 48 and sets the
torque limit value.

The position control unit 26 recognizes to which of the
accelerated rotation and the decelerated rotation the speed
istruction 27 corresponds when calculating the speed
instruction 27. When the mode 1s switched, the position
control unit 26 outputs a mode signal 49 indicating to which
of the accelerated rotation and the decelerated rotation the
mode 1s switched to the limit value setting unit 46. The limit
value setting unmit 46 can set the torque limit value to
correspond to the mode switched by the position control unit
26.

The unified control unit 16 receives the angle data signal
24, the rotational speed signal 29, and the integration stop
signal 43. Accordingly, the unified control unit 16 recog-
nizes whether the rotating shaft 3a rotates or stops. When the
rotating shalt 5a rotates, the unified control unit 16 can
recognize the rotation angle or the rotational speed of the
rotating shait 5a. The unified control unit 16 receives the
integration stop signal 43 from the torque limit control unit
38. The umfied control unit 16 can recognize whether the
torque instruction signal 37 reaches the torque limit value
using the integration stop signal 43.

A method of grasping a grasped object 10 using the
above-mentioned robot hand 1 will be described below with
reference to FIGS. 3 to 6. FIG. 3 1s a flowchart 1llustrating
a grasping operation of the robot hand. FIGS. 4A to 6B are
timing diagrams illustrating a grasping method 1n the grasp-
ing operation.

Motor Driving Method

In the flowchart shown 1 FIG. 3, step S1 corresponds to
an 1nitial setting step. This step 1s a step of setting a motor
to an 1mitial value. Then, the flow of processes goes to step
S2. Step S2 corresponds to an approaching and moving step.

This step 1s a step of moving the movable finger to get
closer to a grasped object. Then, the flow of processes goes
to step S3. Step S3 corresponds to a contact determining
step. This step 1s a step of determining whether the movable
finger comes in contact with the grasped object. When 1t 1s
determined that the movable finger does not come 1n contact
with the grasped object, the flow of processes goes to step
S2. When 1t 1s determined that the movable finger comes 1n
contact with the grasped object, the tlow of processes goes
to step S4. Step S4 corresponds to a pressing step. This step
1s a step of causing the movable finger to press the grasped
object. Then, the flow of processes goes to step S5.

Step S5 corresponds to a torque determining step. This
step 1s a step of determining whether the torque nstruction
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signal reaches the torque limit value. When the torque
instruction signal does not reach the torque limit value, the
flow of processes goes to step S4. When the torque nstruc-
tion signal reaches the torque limit value, the flow of
processes goes to step S6. Step S6 corresponds to a inte-
gration stop instructing step. This step 1s a step of causing
the torque limit control unit to output the integration stop
signal to the integral control unit so that the integral control
unit stops the integrating operation. Then, the flow of
processes goes to step S7. Step S7 corresponds to a grasping
step. This step 1s a step of maintaining the state where the
movable finger presses the grasped object. Then, the flow of
process goes to step S8. Step S8 corresponds to a separating,
and moving step. This step 1s a step of causing the movable
finger to move 1n a direction 1n which the movable finger 1s
separated away from the grasped object. Through the above-
mentioned steps, the grasping operation of the robot hand 1s
ended.

The control of the motor in the grasping operation of the
robot hand will be described 1n detail below with reference
to FIGS. 4A to 6B in correspondence with the steps shown
in FIG. 3. The timing diagrams shown 1n FIGS. 4A to 4E
include five timing diagrams FIGS. 4A to 4E. In the timing
diagrams, the horizontal axis represents the change of time
and changes 1n the order of steps S1 to S8.

The vertical axis of the timing diagram shown 1n FIG. 4A
represents the position of the finger and the upper part in the
drawing represents the direction i which the finger
approaches a grasped object. A finger change line 51 rep-
resents the position of the tip 8¢ of the movable finger 8.
Since the rotating shait 86 of the movable finger 8 1s
connected to the rotating shaft 5a of the motor 5 with the
reduction gear 7 interposed therebetween, the finger change
line 51 1s substantially equal to the change of the rotation
angle of the rotating shaft Sa. A target finger change line 52
represents the movement destination of the tip 8¢ nstructed
by the unified control unit 16. Therefore, the finger change
line 51 1s controlled to move to the position indicated by the
target finger change line 52.

The vertical axis of the timing diagram shown 1n FIG. 4B
represents the speed instruction for driving the rotating shaft
of the motor. The part above the line in which the speed 1s
0 1n the drawing represents the speed when the rotating shaft
5a rotates to bring the movable finger 8 close to the grasped
object 10, and the upper part 1s higher in speed than the
lower part. The part below the line 1n which the speed 1s 0
in the drawing represents the speed when the rotating shaft
5a rotates to separate the movable finger 8 away from the
grasped object 10, and the lower part 1s higher 1n speed than
the upper part.

A speed mstruction change line 53 represents the change
of the speed instruction 27 output from the position control
unit 26. The speed instruction 27 1s a signal indicating the
target rotational speed of the rotating shait Sa.

The vertical axis of the timing diagram shown 1n FIG. 4C
represents the torque instruction for driving the rotating
shaft. The part above the line 1n which the torque 1s 0 1n the
drawing represents the torque when the rotating shatt 5a
rotates to bring the movable finger 8 close to the grasped
object 10, and the upper part 1s higher 1n torque than the
lower part. The part below the line 1n which the torque 1s 0
in the drawing represents the torque when the rotating shaft
5a rotates to separate the movable finger 8 away from the
grasped object 10, and the lower part 1s higher in torque than
the upper part. A torque instruction change line 54 represents
the change of the torque instruction signal 37 output to the
motor driving unit 44 from the torque limit control unit 38.
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The vertical axis of the timing diagram shown 1n FIG. 4D
represents the torque limit value of the torque for driving the
rotating shait. In the drawing, the upper part 1s higher in
torque than the lower part. A torque limit value change line
55 represents the change of the limit torque setting signal 48
output to the torque limit control unit 38 from the limit value
setting unit 46.

The vertical axis of the timing diagram shown in FIG. 4E
represents the rotational speed of the rotating shaft. The part
above the line in which the speed i1s 0 1n the drawing
represents the speed when the rotating shaft Sa rotates to
bring the movable finger 8 close to the grasped object 10,
and the upper part 1s higher in speed than the lower part. The
part below the line 1n which the speed 1s 0 1n the drawing
represents the speed when the rotating shaft 5a rotates to
separate the movable finger 8 away from the grasped object
10, 1n which the lower part 1s higher 1n speed than the upper
part. A rotational speed change line 56 represents the change
of the rotational speed of the rotating shait 5a. The contact
determination speed 57 as the speed determination value
represents the speed used to determine whether the movable
finger 8 comes 1n contact with the grasped object 10.

In FIGS. 4A to 4E, 1n the 1mitial setting step of step S1, the
unified control unmit 16 sets parameters used for the control
to initial values. That 1s, preparation for operating the
movable finger 8 1s carried out. For example, the unified
control unit 16 prepares for outputting the angle nstruction
23 or the torque limit value.

In the approaching and moving step of step S2, the unified
control unit 16 outputs an instruction to the motor control
device 12 to move the movable finger 8 to the movement
destination 14. Accordingly, the target finger change line 52
moves toward the grasped object 10. Specifically, the unified
control unit 16 outputs the angle instruction 23 to the first
adder 22. Accordingly, since a diflerence 1s caused between
the angle data signal 24 output from the angle detecting unit
18 and the angle instruction 23, the first adder 22 outputs the
operation angle signal 25 corresponding to the change of the
target finger change line 52 to the position control unit 26.

The position control unit 26 calculates the speed 1nstruc-
tion 27 corresponding to the operation angle signal 25 and
outputs the calculated speed instruction to the second adder
28.

Accordingly, as can be seen from the speed instruction
change line 53, the speed instruction 27 1s set to a high
speed. The second adder 28 outputs the speed difference
signal 30 corresponding to the difference between the speed
instruction 27 and the rotational speed signal 29 to the speed
control unit 31. Since the speed diflerence signal 30 15 a
signal indicating a large speed difference, the speed control
unit 31 outputs the high torque 1nstruction signal 37 to the
torque limit control unit 38, as can be seen from the torque
instruction change line 54.

The position control unit 26 outputs a mode signal 49
indicating the accelerated rotation state to the limit value
setting unit 46. The limit value setting unit 46 receives the
mode signal 49 and outputs the limit torque setting signal 48
to the torque limit control unit 38. As can be seen from the
torque limit value change line 55, the torque limit control
unit 38 raises the torque limit value to an accelerating limit
value 55a. The acceleration time requires acceleration and
thus the torque limit value 1s set to be high. Accordingly, as
can be seen from the torque 1nstruction change line 54, the
torque 1nstruction signal 37 of a high torque 1s output to the
motor driving umt 44. The motor driving umt 44 drives the
motor 5 to correspond to the torque instruction signal 37. As
a result, as can be seen from the rotational speed change line
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56, the rotational speed of the rotating shaft 5a increases.
When the rotational speed of the rotating shaft 5a increases,
the difference between the speed instruction 27 and the
rotational speed signal 29 decreases and thus the speed
difference signal 30 decreases accordingly. Accordingly, as
can be seen from the torque instruction change line 54, the
speed control unit 31 decreases the torque 1nstruction signal
3’7. As can be seen from the rotational speed change line 56,
the rotating shaft 85 1s changed from the accelerated rotation
to the constant-speed rotation. The unified control unit 16
determines the change to the constant-speed rotation and
outputs the torque limit signal 47 indicating the change to
the constant-speed rotation mode to the limit value setting,
unit 46. The limit value setting umt 46 recerves the torque
limit signal 47 and recognizes the change to the constant-
speed rotation. As can be seen from the torque limit value
change line 535, the limit value setting unit 46 lowers the
torque limit value to a constant-speed-rotating limit value
535b. In the constant-speed rotation mode, since the movable
finger 8 moves through 1nertia, the rotating shaft rotates even
with a small torque. Accordingly, the rotating shaft 5a 1s
driven with a small torque even when the rotational speed 1s
changed. When the movable finger 8 comes 1n contact with
an unexpected object, the motor 5 1s not accelerated and thus
a large torque does not act on the movable finger 8. Accord-
ingly, since the movable finger 8 moves with an acting
external force, 1t 1s possible to suppress the damage of the
movable finger 8.

When the movable finger 8 approaches the movement
destination 14, the position control umt 26 switches the
speed mstruction 27 to a low speed, as can be seen from the
speed instruction change line 53. Accordingly, since the
speed 1nstruction 27 1s a rotational speed lower than the
rotational speed signal 29, the speed diflerence signal 30 ha
a negative value. The speed control unit 31 performs an
operation based on the speed difference signal 30 and the
speed control unit 31 outputs the torque instruction signal 37
for deceleration, as can be seen from the torque instruction
change line 354. That 1s, the speed control unit outputs the
torque instruction signal 37 for applying a torque in the
opposite rotation direction of the rotation direction of the
rotating shaft 8b.

The position control unit 26 outputs the mode signal 49
indicating the change to the decelerated rotation to the limat
value setting unit 46. The limit value setting unit 46 receives
the mode signal 49 and recognizes the change to the decel-
erated rotation. As can be seen from the torque limit value
change line 55, the limit value setting umt 46 raises the
torque limit value to a decelerating limit value 35¢. Accord-
ingly, the torque limit control unit 38 changes the torque
limit value to the torque instruction signal 37 indicated by
the torque struction change line 54 and outputs the torque
instruction signal to the motor driving unit 44. As a resullt,
as can be seen from the rotational speed change line 56, the
rotating shaft Sa 1s decelerated.

When the rotating shaft 5a 1s 1n the decelerated rotation
mode, the contact determining step of step S3 1s performed.
When the movable finger 8 comes in contact with the
grasped object 10, the rotating shaft Sa cannot rotate and the
rotational speed 1s O as can be seen from the rotational speed
change line 56. The limit value setting unit 46 compares the
rotational speed signal 29 with the contact determination
speed 37. When the rotational speed signal 29 1s lower than
the contact determination speed 37, the limit value setting,
unit 46 determines that the movable finger 8 comes in
contact with the grasped object 10. The limit value setting
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unit 46 outputs the limit torque setting signal 48 to the torque
limit control unit 38 to raise the torque limit value to a
grasping limit value 554

Subsequently, the pressing step of step S4 1s performed.
Since the movable finger 8 does not reach the movement
destination 14 as can be seen from the finger change line 51
and the target finger change line 52, the position control unit
26 outputs the speed mstruction 27 of a low-speed rotation
as can be seen from the speed instruction change line 53. The
speed control unit 31 outputs the torque instruction signal 37
for raising the torque to the torque limit control unit 38, as
can be seen from the torque instruction change line 54, so as
to raise the rotational speed of the rotating shaft 5a from O
to the target rotational speed. Accordingly, the torque
instruction signal 37 is raised to the grasping limait value 554.
The grasped object 10 1s pressed with a pressure correspond-
ing to the grasping limit value 354.

In parallel with step S4, the torque determining step of
step S5 1s performed. The torque limit control unit 38
compares the torque nstruction signal 37 with the grasping
limit value 35d4. When the torque instruction signal 37
reaches the grasping limit value 55d, step S6 1s performed.

In the integration stop instructing step of step S6, the
torque limit control unit 38 outputs the integration stop
signal 43 to the mtegral control unit 33. The integral control
unit 33 recerves the integration stop signal 43 and stops the
operation of integrating the speed diflerence signal 30. The
torque limit control unit 38 also outputs the integration stop
signal 43 to the unified control unit 16. The unified control
unit 16 receives the integration stop signal 43 and recognizes
that the robot hand 1 applies a predetermined pressure to the
grasped object 10 and grasps the grasped object.

In the grasping step of step S7, the torque limit control
unit 38 outputs the torque 1nstruction signal 37 correspond-
ing to the grasping limit value 554 to the motor driving unit
44 as can be seen from the torque instruction change line 54.
As a result, the motor 5 outputs a high torque and presses the
movable finger 8 to the grasped object 10. The robot hand 1
maintains the state where the grasped object 10 1s grasped.

The unified control unit 16 drives the arm 3 and moves the
grasped object 10 along with the robot hand 1. After the
grasped object 10 moves to a prearranged position, the tlow
ol processes goes to step S8.

In the separating and moving step of step S8, the same
flow of processes as in the approaching and moving step of
step S2 1s performed to separate the movable finger 8 from
the fixed finger 4 so as not to apply a pressure to the grasped
object 10. First, the unified control unit 16 outputs the angle
istruction 23 indicating the angle of the rotating shait 5a
corresponding to a new position of the movable finger 8 to
the first adder 22. For example, as can be seen from the
target finger change line 52, the target angle of the rotating
shaft 5a 1s set to 0 degrees which 1s the angle 1n step S1. The
first adder 22 outputs the operation angle signal 25, which 1s
obtained by subtracting the angle data signal 24 from the
angle instruction 23, to the position control unit 26. The
position control unit 26 calculates the speed instruction 27
corresponding to the operation angle signal 25 and outputs
the calculated speed instruction to the second adder 28. As
can be seen from the speed instruction change line 53, the
speed mstruction 27 1s set to a high speed 1n the direction 1n
which the movable finger 8 1s separated from the grasped
object 10. The position control unit 26 outputs the mode
signal 49 indicating the accelerated rotation mode to the
limit value setting unit 46. The limit value setting unit 46
sets the accelerating limit value 55aq which 1s the torque limit
value 1n the accelerated rotation mode for the integral
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control unit 33. Accordingly, as can be seen from the torque
limit value change line 55, the torque limit value of the
integral control unit 33 1s changed from the grasping limait
value 55d to the accelerating limit value 55a.

The second adder 28 outputs the speed difference signal
30, which 1s obtained by subtracting the speed indicated by
the rotational speed signal 29 from the speed instruction 27,
to the speed control unit 31. The speed control unit 31
performs the PI control and outputs the torque instruction
signal 37 corresponding to the speed diflerence signal 30. As
can be seen from the torque instruction change line 54, the
speed control unit 31 raises the torque nstruction signal 37
to the accelerating limit value 55a. The torque instruction
signal 37 1s maintained as the accelerating limit value 55a.

Accordingly, as can be seen from the torque instruction
change line 34, the torque instruction signal 37 of a high
torque 1s output to the motor driving unit 44. The motor
driving unit 44 drives the motor 5 to correspond to the torque
istruction signal 37. As a result, as can be seen from the
rotational speed change line 56, the rotating shait 5a rotates
in the direction 1n which the movable finger 8 1s separated
away from the grasped object 10 and the rotational speed
thereot 1s raised.

The unified control unit 16 receives the rotational speed
signal 29 and determines whether the rotation mode 1s the
accelerated rotation or the constant-speed rotation. When the
rotation mode 1s the constant-speed rotation, the unified
control unit 16 outputs the torque limit signal 47 to the limat
value setting unit 46. The limit value setting unit 46 receives
the torque limit signal 47 and sets the torque limit value of
the torque limit control unit 38 to the constant-speed-
rotating limit value 5556 as can be seen from the torque limit
value change line 55.

When the movable finger 8 approaches a movement
destination, the position control unit 26 lowers the speed
indicated by the speed instruction 27 as can be seen from the
speed struction change line 33. The position control unit
26 outputs the mode signal 49 indicating the change to the
decelerated rotation mode to the limit value setting unit 46.
The limit value setting unit 46 receives the mode signal 49
and sets the torque limit value of the torque limit control unit
38 to the decelerating limit value 55¢ as can be seen from the
torque limit value change line 55.

In order to reduce the rotational speed of the rotating shaft
5a indicated by the rotational speed signal 29 and to
approach the speed instruction 27, the speed control unit 31
increases the torque of the torque 1nstruction signal 37 as can
be seen from the torque instruction change line 54. Accord-
ingly, the rotational speed of the rotating shait 5a decreases
as can be seen Irom the rotational speed change line 56.
When the movable finger 8 reaches the destination, the
rotating shatt Sa stops.

The unified control unit 16 receives the angle data signal
24 and detects that the rotating shait 5a stops. The unified
control unit 16 outputs the torque limit signal 47 to the limat
value setting unit 46. The limit value setting unit 46 outputs
the limit torque setting signal 48 to the torque limit control
unit 38 to change the torque limit value to a stop-time limit
value 55¢ as can be seen from the torque limit value change
line 55. The grasping operation of the robot hand 1s ended
through the above-mentioned steps.

FIG. § 1s a timing diagram 1illustrating the output of the
integral control unit. The vertical axis and the horizontal axis
of FIG. § are the same as in the timing diagram shown 1n
FIG. 4C 1llustrating the torque 1nstruction change line 34 and
thus description thereof will not be repeated. In the torque
instruction change line 54, the change of the second torque
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signal 36 output from the integral control unit 33 1s defined
as a torque instruction integration change line 58. In the
approaching and moving step of step S2, the torque 1nstruc-
tion integration change line 58 increases when the torque
instruction change line 34 1s changed to a high state. The
torque 1nstruction integration change line 58 decreases when
the torque instruction change line 54 1s changed to a low
state.

In the grasping step of step S7, the torque instruction
change line 54 increases until 1t reaches the grasping limait
value 55d. After the torque instruction change line 34
reaches the grasping limit value 554, the integration stop
signal 43 1s output from the torque limit control unit 38 to
the integral control umt 33. Accordingly, the integral control
umt 33 stops the mtegrating operation and the second torque
signal 36 holds the output value, as can be seen from the
torque struction integration change line 38.

When the separating and moving step of step S8 1s
performed, the torque instruction integration change line 358
moves to correspond to the speed diflerence signal 30. Here,
since the value of the second torque signal 36 1s held in step
S7, the speed control unit 31 can output the second torque
signal 36 corresponding to the speed difference signal 30
with a high response property. Therefore, as can be seen
from the torque instruction integration change line 58, the
integral control unit 33 can output the second torque signal
36 with high precision.

FIGS. 6A and 6B are timing diagrams illustrating the
change of the torque instruction when the torque limit value
1s changed. The vertical axis and the horizontal axis of FIG.
6 A are the same as 1n the timing diagram shown 1n FI1G. 4D,
the vertical axis and the horizontal axis of FIG. 6B are the
same as 1n the timing diagram shown in FIG. 4C, and thus
description thereof will not be repeated. In the torque limait
value change line 61 shown in FIG. 6A, the torque limit
value increases from a first torque limit value 6la to a
second torque limit value 615. The torque 1nstruction change
line 62 shown in FIG. 6B shows the change of the torque
instruction signal 37 corresponding to the torque limit value
change line 61.

When the torque limit value change line 61 1s the first
torque limit value 61a, the torque instruction change line 62
1s the first torque limit value 61a. When the torque limait
value change line 61 goes from the first torque limit value
61a to the second torque limit value 615, the torque instruc-
tion change line 62 1increases from the first torque limit value
61a to the second torque limit value 615 over a lapse time
62a.

Here, the lapse time 62a i1s greatly influenced by the
teedback torque signal 39.

The torque 1nstruction signal 37 1s a signal obtained by
adding the first torque signal 35 and the second torque signal
36 and subtracting the feedback torque signal 39 from the
resultant. When the torque obtained by adding the first
torque signal 35 and the second torque signal 36 1s larger
than the first torque limait value 61a, the torque correspond-
ing to the larger part 1s the feedback torque signal 39.
Therefore, when the feedback torque signal 39 is large, the
lapse time 62a 1s short. When the feedback torque signal 39
1s small, the lapse time 62a i1s long. That 1s, when the
teedback torque signal 39 1s small, the speed control unit 31
performs the PI control as can be seen from the torque
instruction change line 62 and thus the torque instruction
signal 37 can be slowly raised.

When 1t 1s determined 1n the contact determining step of
step S3 that the rotating shaft 5a does not rotate, the limait
value setting unit 46 raises the torque limit value from the
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decelerating limit value 55¢ to the grasping limit value 554
in the pressing step of step S4. At this time, since the torque
instruction signal 37 1s slowly raised, the grasped object 10
1s slowly pressed. Accordingly, 1t 1s possible to prevent the
grasped object 10 from being rapidly pressed in a damage.

As described above, this embodiment achieves the fol-
lowing advantages.

(1) According to this embodiment, the limit value setting
unit 46 sets the torque limit value which 1s the maximum
value of the torque applied to the rotating shait 3a and
outputs the set torque limit value to the torque limit control
unit 38.

The torque limit control unit 38 compares the torque of
the rotating shaft 5a driven by the torque instruction signal
37 with the torque limit value. When the torque of the
rotating shaft Sa driven by the torque instruction signal 37
1s about to become larger than the torque limit value, the
torque limit control unit 38 changes the torque instruction
signal 37 so that the torque of the rotating shaft Sa driven by
the torque 1nstruction signal 37 1s not larger than the torque
limit value.

Accordingly, even when the rotating shait 5a rotates and
stops, the motor control device 12 drives the rotating shaft
5a with a torque not greater than the torque limit value set
by the limit value setting unit 46 while performing the speed
control.

As a result, it 1s possible to control the rotational speed of
the rotating shaft 5¢ with a torque corresponding to the
torque required for the motor 5.

(2) According to this embodiment, when the torque
applied to the rotating shait 5a by the torque instruction
signal 37 1s about to become larger than the torque limit
value, the torque limait control unit 38 subtracts the feedback
torque signal 39 from the torque instruction signal 37 to
change the torque 1nstruction signal 37. The feedback torque
signal 39 1s a torque signal corresponding to the magnitude
by which the torque applied to the rotating shatt Sa by the
torque instruction signal 37 1s larger than the torque limit
value.

Therelore, 1t 1s possible to control the rotating shaft 5a so
that the torque of the rotating shaft 3a driven by the
subtracted torque instruction signal 37 is not larger than the
torque limit value.

(3) According to this embodiment, the limit value setting
unit receives the rotational speed signal 29. When the
rotational speed of the rotating shaft 5a 1s lower than the
contact determination speed 57, the limit value setting unit
46 changes the torque limit value. Therefore, the motor
control device 12 can drive the rotating shaft 5a with a
torque corresponding to the grasping limit value 534 1n a
state where the rotating shaft 5a rotates at a low speed or
Stops.

(4) According to this embodiment, the rotating shait 5a 1s
accelerated and 1ts rotational speed i1s raised. After the
rotational speed of the rotating shait 5a reaches the target
rotational speed indicated by the speed instruction 27, the
limit value setting unit 46 lowers the torque limit value to the
constant-speed-rotating limit value 555b. Since only the
torque required for maintaining the rotational speed 1s
applied after the rotational speed reaches the target rota-
tional speed, the motor can be driven with a torque lower
than that 1n the case where 1t 1s accelerated. Even when the
torque limit value 1s lowered, 1t 1s possible to maintain the
rotational speed.

When an external force which can stop the rotating shaft
5a 1s applied, the motor control device 12 can perform an
operation complying with the external force without driving
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the rotating shait 5aq against the external force. Accordingly,
even when an external force acts on the movable finger 8 due
to a contact of the movable finger 8 with an object or the like,
the movable finger 8 can fend off the external force. As a
result, 1t 1s possible to suppress a damage of the movable
finger 8 due to an external force.

(5) According to this embodiment, when the torque
instruction signal 37 reaches the torque limit value, the
torque limit control unit 38 causes the integral control unit
33 to stop the integrating operation. Therefore, it 1s possible
to prevent the increase of the second torque signal 36. As a
result, when the torque instruction signal 1s smaller than the
torque limit value, it 1s possible to perform a control with an
excellent response property to follow the rotational speed.

(6) According to this embodiment, the motor control
device 12 performs a control so that the gap between the
fixed finger 4 and the movable finger 8 1s smaller than the
width of the grasped object 10. The fixed finger 4 and the
movable finger 8 pinch the grasped object 10 therebetween.
After the fixed finger 4 and the movable finger 8 pinch the
grasped object 10 therebetween, the torque of the rotating
shaft Sa increases without decreasing. Theretfore, the opera-
tion of pinching the grasped object 10 can be carried out
subsequently to the operation of moving the fixed finger 4
and the movable finger 8.

When the movable finger 8 approaches the grasped object
10, the motor control device 12 increases the torque of the
rotating shaft 5a to the torque limit value. At this time, since
the torque of the rotating shaft 5Sa slowly increases, it 1s
possible to prevent a force from rapidly being applied to the
grasped object 10 to damage the grasped object. When the
grasped object 10 departs from the area between the fixed
finger 4 and the movable finger 8, the fixed finger 4 and the
movable finger 8 stop 1n an area smaller than the width of the
grasped object 10. Therefore, 1t 1s possible to prevent the
fixed finger 4 and the movable finger 8 from colliding with
cach other.

Second Embodiment
A motor control device and a robot hand using the motor

control device according to another embodiment of the
invention will be described with reference to the block
diagram of FIG. 7 illustrating the configuration of a control
device and the timing diagram of FIGS. 4 A to 4E illustrating
the grasping method 1n the grasping operation. This embodi-
ment 1s different from the first embodiment, in that the limit
value setting unit determines whether the movable finger 8
comes 1n contact with a grasped object 10 using the torque
instruction signal 37. The same details as 1n the first embodi-
ment will not be repeatedly described.

That 1s, 1n this embodiment, as shown 1n FIG. 7, a robot
hand 63 includes a control device 64 as a control unit and the
control device 64 includes a motor control device 65. The
motor control device 65 includes a limit value setting unit 66
corresponding to the limit value setting unit 46 of the first
embodiment. Similarly to the limit value setting unit 46, the
limit value setting unit 66 receirves the mode signal 49 and
the torque limait signal 47 and outputs the limit torque setting
signal 48 to the torque limit control unit 38.

The limit value setting unit 66 recerves the torque instruc-
tion signal 37. The limit value setting unit 66 determines
whether the torque instruction signal 37 reaches the contact
determination torque at the time of decelerated rotation.
When the torque instruction signal 37 reaches the contact
determination torque, the limit value setting unit 66 outputs
the limit torque setting signal 48 to the torque limit control
unit 38 to change the torque limit value.
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As can be seen from the finger change line 51 of FIG. 4A,
the position of the movable finger 8 approaches the move-
ment destination 14 in the approaching and moving step of
step S2. As can be seen from the speed instruction change
line 53, the speed mnstruction 27 1s changed to a low speed.
As can be seen from the rotational speed change line 56, the
rotational speed of the rotating shait Sa decreases therewith.
As can be seen from the rotational speed change line 56, the
movable finger 8 comes in contact with the grasped object
10 and the rotational speed of the rotating shait 5a becomes
0. On the other hand, as can be seen from the speed
instruction change line 53, the speed instruction 27 1s an
instruction maintaining a positive speed. Accordingly, as can
be seen from the torque instruction change line 54, the speed
control unit 31 increases the torque signal indicated by the
torque 1nstruction signal 37 so that the rotational speed of the
rotating shait 5a approaches the speed instruction 27.

A contact mstruction speed 67 and a contact determina-
tion torque 68 are set 1n advance 1n the limit value setting
unit 66. The contact 1struction speed 67 1s a determination
value used to determine whether it 1s 1n a contact mode. The
contact determination torque 68 1s a determination value
used to determine whether a contact or not.

First, the limit value setting unit 66 determines whether
the speed instruction 27 1s lower than the contact 1nstruction
speed 67. Then, when the speed instruction 27 1s lower than
the contact instruction speed 67, the limit value setting unait
66 recognizes the mode 1n which the rotating shait Sa rotates
at a low speed to bring the movable finger 8 into contact with
the grasped object 10. Subsequently, the limit value setting
unit 66 compares the torque indicated by the torque nstruc-
tion signal 37 with the contact determination torque 68.
When the torque indicated by the torque instruction signal
37 increases and reaches the contact determination torque
68, the limit value setting unit 66 determines that the
movable finger 8 comes 1n contact with the grasped object
10. Then, as can be seen from the torque limit value change
line 55, the limit value setting unit 66 switches the torque
limit value from the decelerating limit value 35¢ to the
grasping limit value 55d.

As described above, this embodiment provides the fol-
lowing advantages.

(1) According to this embodiment, the limit value setting
unit receives the torque struction signal 37. When the
rotational speed of the rotating shait 5a becomes smaller
than the speed istruction 27 and the difference therebe-
tween becomes larger, the torque instruction signal 37 1s
output as a signal for increasing the torque of the rotating
shaft 5a.

That 1s, the limit value setting unit 66 can detect that the
rotating shaft 5q rotates at a low speed or stops using the
torque nstruction signal 37. The limit value setting unit 66
changes the torque limit value when the torque instruction
signal 37 reaches the contact determination torque 68.

Therefore, the motor control device 65 can determine
whether the rotating shaft Sa stops and can drive the rotating
shaft Sa with a torque corresponding to the grasping limait
value 55d.

Third Embodiment

A robot hand according to another embodiment of the
invention and a robot having the robot hand will be
described below with reference to FIGS. 8A and 8B and
FIG. 9. FIG. 8A 1s a plan view schematically illustrating the
configuration of a robot hand and FIG. 8B 1s a partially-
enlarged view schematically illustrating fingers of the robot
hand. FIG. 9 1s a plan view schematically illustrating the
configuration of a robot having the robot hand. This embodi-
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ment 1s different from the first embodiment, 1n that plural
movable fingers pinch a grasped object. The same points as
in the first embodiment will not be described.

That 1s, according to the third embodiment, as shown 1n
FIG. 8A, the robot hand 70 includes a hand body 71 of a

rectangular parallelepiped shape. The longitudinal direction
of the hand body 71 1s defined as a Y direction and a

direction perpendicular to the Y direction 1s defined as an X
direction.

The thickness direction of the hand body 71 perpendicular
to the X direction and the Y direction i1s defined as a Z
direction. On the -X side of the hand body 71, the hand body
71 1s connected to an arm 3 and the arm 3 1s connected to
a robot body not shown 1n the drawing. Similarly to the first
embodiment, a motor 3, an encoder 6, a reduction gear 7, a
movable finger 8, and a bearing 9 are disposed at the corner
in the X direction and the -Y direction of the hand body 71.
The movable finger 8 1s made to rotate by the motor 5.
Similarly to the movable finger 8, a motor 5, an encoder 6,
a reduction gear 7, a movable finger 72 as the movable part
and the second movable part, and a bearing 9 are disposed
at the corner 1n the X direction and the -Y direction of the
hand body 71. The movable finger 72 1s made to rotate by
the motor 5.

The movable finger 8 and the movable finger 72 are
symmetric 1n the XY plane and a grasped object 10 can be
pinched and held with the movable finger 8 and the movable
finger 72. The robot hand 70 includes a control device 73
and the control device 73 includes a motor control device 12
controlling the motor 5 driving the movable finger 8 and a
motor control device 74 controlling the motor 5 driving the
movable finger 72. The motor control device 12 and the
motor control device 74 are the same device as the motor
control device 12 according to the first embodiment.

As shown i FIG. 8B, the robot hand 70 pinches and
grasps a grasped object 10 with the movable finger 8 and the
movable finger 72. The width of the grasped object 10 1n the
direction passing through the positions at which the movable
finger 8 and the movable finger 72 come 1n contact with the
grasped object 10 1s defined as a grasped object width 10aq.
When the robot hand 70 grasps the grasped object 10, the
movable finger 8 1s made to move to a movement destination
14 indicated by a two-dot chained line 1n the drawing. The
movable finger 72 1s made to move to a movement desti-
nation 75 indicated by a two-dot chained line 1n the drawing.
The control device 73 causes the motor control devices 12
and 74 to drive the motors 5 so as to move the movable
finger 8 to the movement destination 14 and to move the
movable finger 72 to the movement destination 75.

The gap between the movement destination 14 of the
movable finger 8 and the movement destination 75 of the
movable finger 72 1s defined as a target gap 76. Here, the
target gap 76 1s smaller than the grasped object width 10a.
Accordingly, the movable finger 8 and the movable finger 72
come 1n contact with the grasped object 10 before the
movable finger 8 reaches the movement destination 14 and
the movable finger 72 reaches the movement destination 75.
Therefore, the grasped object 10 can be pressed and grasped
with the movable finger 8 and the movable finger 72 until the
control device 73 changes the instruction of the motor
control device 12 and the motor control device 74 to drive
the motor 3.

When the movable finger 8 and the movable finger 72 are
keeping the grasped object 10, an external force may act on
the grasped object 10 and the grasped object 10 may depart
from the area between the movable finger 8 and the movable
finger 72. At this time, since the movable finger 8 and the
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movable finger 72 move to the movement destination 14 and
the movement destination 75 and stop therein, 1t 1s possible
to prevent the movable finger 8 and the movable finger 72
from colliding with each other in a damage.

As shown in FIG. 9, arobot 77 includes a body 78 and two
arms 79 are connected to the body 78. Each arm 79 includes

the robot hand 70. Here, the arm 79 may include the robot
hand 1 described in the first embodiment. The robot 77
includes a control device 73 controlling the robot hand 70
and the arms 79. Therefore, the control device 73 can control
the torques while controlling the speeds of the motor 5
driving the movable finger 8 and the movable finger 72.

As described above, this embodiment provides the fol-
lowing advantages.

(1) According to this embodiment, the motor control
device 12 controlling the movable finger 8 and the motor
control device 74 controlling the movable finger 72 are
constructed by the same motor control device as 1n the first
embodiment.

Therefore, even when the rotating shaits 5a are rotating
and when the rotating shafts stop, 1t 1s possible to drive the
rotating shafts 5a with torques corresponding to the torques
required for the motors 5. As a result, even when the
movable finger 8 or the movable finger 72 moves and stops,
it 1s possible to hold a predetermined force and to drive the
movable finger 8 and the movable finger 72.

(2) According to this embodiment, since the movable
finger 8 and the movable finger 72 move to the movement
destination 14 and the movement destination 75 and stop
therein, 1t 1s possible to prevent the movable finger 8 and the
movable finger 72 from colliding with each other in a
damage.

(3) According to this embodiment, the robot 77 includes
the robot hand 70. Accordingly, even when the movable
finger 8 and the movable finger 72 move and stop, the robot
hand 70 of the robot 77 can hold a predetermined force and
drive the movable finger 8 and the movable finger 72.

The ivention 1s not limited to the above-mentioned
embodiments, but may be modified and changed 1n various
forms. Modified examples will be described below.

MODIFIED EXAMPLE 1

In the first embodiment, the speed detecting unit 17 and
the angle detecting unit 18 are included 1n the control device
11.

The speed detecting unit 17 and the angle detecting unit
18 may not be included 1n the control device 11. They may
be provided 1n the form of independent devices. In this case,
it 1s possible to more easily manufacture the robot hand 1.

MODIFIED EXAMPLE 2

In the first embodiment, the angle data signal 24 and the
rotational speed signal 29 are formed through the use of the
encoder 6. A resolver or a gyroscope may be used instead of
the encoder 6. By employing a method of easily manufac-
turing a sensor detecting the rotation state, 1t 1s possible to
tacilitate the manufacturing of the motor control device 12.

MODIFIED EXAMPLE 3

In the first embodiment, 1n the approaching and moving
step of step S2, the unified control unit 16 determines the
change to constant-speed rotation and outputs the torque
limit signal 47 indicating the change to a constant-speed
rotation mode to the limit value setting unit 46. The function
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of determiming the change to a constant-speed rotation mode
may be performed by the limit value setting unit 46. In this
case, similarly to the first embodiment, the torque limit value
can be lowered.

The load of the unified control unit 16 can be reduced.

MODIFIED EXAMPLE 4

In the third embodiment, the control device 73 includes
the motor control device 12 according to the first embodi-
ment, but may include the motor control device 65 according
to the second embodiment. In this case, 1t 1s possible to
perform the torque control while performing the speed
control.

MODIFIED EXAMPLE 5

In the third embodiment, two movable fingers of the
movable finger 8 and the movable finger 72 are disposed in
the robot hand 70. However, the number of movable fingers
1s not limited to two, but may be three or more. In this case,
by employing the method according to the first or second
embodiment for the control of the motors driving the mov-
able fingers, 1t 1s possible to grasp the grasped object 10
well.

The entire disclosure of Japanese Patent Application No.
2011-223633, filed Oct. 11, 2011, 1s expressly incorporated

by reference herein.

What 1s claimed 1s:

1. A motor control method of controlling the rotation of a
rotating shait of a motor, comprising:

setting a target rotational speed which 1s a target value of
a rotational speed at which the rotating shaift rotates and
a torque limit value which indicates the maximum
value of a torque to be applied to the rotating shatt;

detecting the rotational speed to output a torque instruc-
tion signal corresponding to a difference between the
rotational speed and the target rotational speed;

subtracting an excess torque signal, which 1s a signal
indicating a magnitude by which the torque applied to
the rotating shaft by the torque instruction signal 1is
larger than the torque limit value, from the torque
instruction signal;

changing the torque limit value when the rotational speed
of the rotating shaft 1s lower than a speed determination
value; and

driving the motor with a torque of the torque 1nstruction
signal.

2. A motor control device that controls a motor using a
rotation detection signal of a rotating shait of the motor
output from a rotation detector detecting a rotation state of
the rotating shaft of the motor, the motor control device
comprising;

a power transistor that drives the motor;

a speed controller configured to output a torque nstruc-
tion signal corresponding to a difference between a
rotational speed of the rotating shait and a target
rotational speed of the rotating shait using the target
rotational speed of the rotating shaft and the rotation
detection signal; and

a torque limit control umt configured to limait the torque of
the rotating shaft driven by the torque instruction signal
to a torque limit value or less, wherein:

the torque limit value 1s changed when the rotational
speed of the rotating shaft 1s lower than a speed
determination value that 1s used to determine whether
to change the torque limit value.
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3. The motor control device according to claim 2, wherein
the torque limit control unit subtracts an excess torque
signal, which 1s a signal indicating a magnitude by which the
torque applied to the rotating shait by the torque instruction
signal 1s larger than the torque limait value, from the torque
instruction signal.

4. The motor control device according to claim 2 further
comprising;

a limit value setting unit configured to set the torque limit
value mdicating the maximum value of a torque to be
applied to the rotating shait, wherein:

the limit value setting unit sets the speed determination
value,

the limit value setting unit detects the rotational speed of
the rotating shait using the rotation detection signal,
and

the limit value setting unit changes the torque limit value
when the rotational speed of the rotating shait 1s lower
than the speed determination value.

5. The motor control device according to claim 2 further

comprising;

a limit value setting unit configured to set the torque limit
value mdicating the maximum value of a torque to be
applied to the rotating shait, wherein:

the limit value setting unit sets the speed determination
value,

the limit value setting unit receives the torque 1nstruction
signal, and

the limit value setting unit changes the torque limit value
when the target rotational speed 1s smaller than the
speed determination value and the torque instruction
signal 1s larger than a torque determination value.

6. The motor control device according to claim 2 further

comprising;

a limit value setting unit configured to set the torque limit
value mdicating the maximum value of a torque to be
applied to the rotating shaft, wherein the limit value
setting unit lowers the torque limit value after the
rotational speed of the rotating shait reaches the target
rotational speed.

7. The motor control device according to claim 2, wherein

the speed controller includes:
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a speed-proportional control unit configured to output a
first torque 1nstruction signal proportional to the rota-
tional speed;

a speed-integral control unit configured to output a second
torque nstruction signal proportional to an integrated
value of the rotational speed; and

an adder adding the value of the first torque 1nstruction
signal and the value of the second torque instruction
signal to output the torque instruction signal, and

wherein the torque limit control unit causes the speed-
integral control unit to stop an integrating operation and
to maintain the value of the second torque instruction
signal after the value of the torque instruction signal
reaches the torque limit value.

8. The motor control device according to claim 2, wherein
the rotation state of the rotating shait detected by the rotation
detector 1s a rotational speed.

9. A robot comprising:

a robot hand that includes a moveable part and a motor

that drives the moveable part; and

a control unit that includes a motor control device that
controls the motor using a rotation detection signal of
a rotating shaft of the motor output from a rotation
detector detecting a rotation state of the rotating shatt
of the motor, the motor control device comprising:

a power transistor that drives the motor;

a speed controller configured to output a torque nstruc-
tion signal corresponding to a difference between a
rotational speed of the rotating shait and a target
rotational speed of the rotating shait using the target
rotational speed of the rotating shaft and the rotation
detection signal; and

a torque limit control umit configured to limait the torque of
the rotating shaft driven by the torque instruction signal
to a torque limit value or less, wherein:

the torque limit value 1s changed when the rotational
speed of the rotating shaft 1s lower than a speed
determination value that 1s used to determine whether
to change the torque limit value.
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